Substance P (SP) is involved in the proliferation of cholangiocytes in bile duct-ligated (BDL) mice and human cholangiocarcinoma growth by interacting with the neurokinin-1 receptor (NK-1R 
decreased sirius red staining, fibrosis gene and protein expression, and reduced transforming growth factor-b1 levels in serum and cholangiocyte supernatants. 
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T he liver is innervated by sympathetic, parasympathetic, and peptidergic nerves, which contain afferent as well as efferent fibers. (1) A number of neuropeptides have been identified in the liver. (1) For example, neuronal fibers positive for neuropeptide Y, substance P (SP), and calcitonin gene-related peptide are abundant in the tunica media of vessels in portal tracts as well as in the intralobular connective tissue. (2) SP is an
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11-amino acid neuropeptide that belongs to the tachykinin family, which includes peptides such as neurokinin A and B.
(3) SP displays widespread distribution in both the central and peripheral nervous systems and has been characterized as a proinflammatory peptide that induces neurogenic inflammation. SP is also synthesized and secreted by peripheral organs such as the liver and lung. (3) Upon binding to its high-affinity receptor, neurokinin-1 receptor (NK-1R), SP modulates a series of physiological and pathophysiological functions including inflammation, proliferation, cell excitability, and antiapoptosis. (4) It has been shown that SP plasma levels are elevated in patients with nonalcoholic cirrhosis and that SP may play a role in the pathogenesis of spider angiomas. (5) Inhibition of SP secretion and NK-1R signaling decreases cholangiocarcinoma growth. (6) Knockout of NK-1R reduces cholangiocyte hyperplasia and expression of collagen type 1, alpha 1 (Col1a1) and asmooth muscle actin (a-SMA) in bile duct-ligated (BDL) mice. (7) There are in vivo studies showing that NK-1R antagonists not only suppress the secretion of proinflammatory cytokines in the liver but also protect liver cells from apoptosis. (8) However, no studies exist regarding the role of the SP/NK-1R axis in the development of liver fibrosis in BDL and multidrug resistance protein 2 knockout (Mdr2 -/-) mice, widely used as models of primary sclerosing cholangitis (PSC). (9) Liver fibrosis is characterized by the deposition of extracellular matrix (ECM) proteins including collagen fibers that cause liver injury, inflammation, and ultimately tissue scarring. Activation of hepatic stellate cells (HSCs) in response to liver injury is recognized as a central event in the development of liver fibrosis. The activation of HSCs is characterized by a switch from a quiescent, vitamin A-rich phenotype to a myofibroblastic, fibrogenic phenotype, proliferating and producing a network of ECM. (10) Studies have shown that senescent HSCs accumulate in the liver following damage induced by CCl 4 and limit the extent of fibrosis through expression of antifibrotic proteins, suggesting that senescent HSCs may be associated with the regression of fibrosis during tissue repair. (10) After becoming senescent, activated HSCs stop proliferating, down-regulate production of ECM, and increase the levels of ECM-degrading enzymes to limit liver fibrosis. (10) (11) (12) Cholangiocyte senescence is a hallmark in the progression of liver fibrosis and has been found in mouse models of PSC as well as the livers of patients with PSC and primary biliary cirrhosis. (13, 14) In these pathologies, cholangiocytes express a number of profibrogenic and chemotactic proteins that attract both inflammatory cells and HSCs, modulating the inflammatory microenvironment. (15) On the basis of these findings, we hypothesize that the SP/NK-1R axis regulates liver fibrosis through differential changes in the senescence of cholangiocytes and HSCs during BDL and Mdr2 -/--induced cholestasis.
Materials and Methods

MATERIALS
Reagents were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO) unless otherwise indicated. For other reagents and antibodies used in the experiments, please see more detailed information in the Supporting Information.
ANIMAL MODELS
All animal experiments were performed in accordance with protocols approved by the Baylor Scott & White Healthcare Institutional Animal Care and Use Committee. Male C57BL/6 wild-type (WT) mice were purchased from Charles River (Wilmington, MA). NK-1R -/-mice were generated by targeted disruption of the NK-1R gene in embryonic stem cells in the Mary Lyon Centre (Didcot, UK). The animals were generated at the Baylor Scott & White animal facility from heterozygous breeding pairs; animal genotype was verified by PCR using the specific primers provided by the Mary Lyon Centre. Animals were maintained in a temperature-controlled environment (20 C-22 8C) with 12:12-hour light/dark cycles and fed standard mouse chow with access to drinking water ad libitum. Male WT and NK-1R -/-mice (approximately 25-30 g, 12 weeks of age) of the N5 generation underwent BDL (7) or sham operation for 1 week. In other experiments, WT mice were treated with saline or SP (2.1 lg/hour) (16) for 2 weeks by intraperitoneally implanted minipumps. In selected experiments we used male Mdr2 -/-mice (17) (12 weeks of age) or their WT counterparts (FVB/NJ) (25-30 g; purchased from Jackson Laboratories, Sacramento, CA) that were treated with saline or L-733,060 (20 mg/kg body weight by intraperitoneally implanted minipumps) (8) for 2 weeks before evaluating liver fibrosis and senescence. We collected serum, total liver samples, cholangiocytes, and HSCs from the selected groups of animals.
ISOLATED MOUSE CHOLANGIOCYTES AND HSCs, INTRAHEPATIC MURINE CHOLANGIOCYTE, AND HUMAN HEPATIC STELLATE CELL LINES
Mouse cholangiocytes were obtained by immunoaffinity separation as described. (7, 18) Mouse HSCs were isolated by Histodenz density gradient centrifugation (19) or laser capture microdissection (LCM) using an antibody against desmin. (20) Following immunofluorescent staining, desmin-positive cells were dissected from the slides by the LCM system Leica LMD7000 (Buffalo Grove, IL) and collected into a PCR tube. Then, the RNA from LCM-isolated HSCs was extracted with the Arcturus PicoPure RNA isolation kit (Thermo Fisher Scientific, Mountain View, CA). Protein (10 lg) from whole-cell lysates of mouse HSCs (isolated by Histodenz density gradient centrifugation) was used for immunoblots; HSC purity was evaluated by immunofluorescence for a-SMA (21) (Supporting Fig. S2B ). In vitro studies were performed in murine immortalized biliary cell lines (IMCLs) and human hepatic stellate cell lines (HHSteCs; Sciencell, Carlsbad, CA).
NORMAL AND PSC MALE HUMAN SAMPLES
The use of human tissue was approved by the Texas A&M Health Science Center College of Medicine institutional review board. Human samples (see Supporting Table S1 for patient information) were obtained from Dr. Pietro Invernizzi (Humanitas Clinical and Research Center, Rozzano, Italy) under a protocol by the ethics committee of the Humanitas Research Hospital; the protocol was reviewed by the Veterans' Administration institutional review board and International Research Committee. The RNeasy formalinfixed, paraffin-embedded kit was used to extract total RNA from paraffin-embedded liver sections (4-5 lm) of patients (n 5 3) with advanced-stage (3-4) PSC. PSC stage was defined in accordance with international guidelines. (22) Control healthy liver RNA (n 5 3) was purchased from Biochain Inc. (Newark, CA).
EVALUATION OF SP SERUM LEVELS AND HEPATIC EXPRESSION OF TACHYKININ PRECURSOR 1 AND NK-1R IN CHOLESTATIC ANIMAL MODELS AND HUMAN PSC SAMPLES
SP serum levels from the selected samples (n 5 6) were measured by enzyme immunoassay kits (see above). The hepatic mRNA expression of tachykinin precursor 1 (TAC1) and NK-1R in the selected groups of mice (n 5 3) as well as control (n 5 3) and human PSC samples (n 5 3) was evaluated by real-time PCR. Data are expressed as relative mRNA levels 6 standard error of the mean of the selected gene to glyceraldehyde-3-phosphate dehydrogenase ratio.
ASSESSMENT OF SERUM CHEMISTRY, INTRAHEPATIC BILE DUCT MASS, AND LIVER FIBROSIS
Serum levels of alanine aminotransferase, aspartate aminotransferase, alkaline phosphatase, and total bilirubin were measured by a Dimension RxL Max Integrated Chemistry system (Dade Behring Inc., Deerfield IL) at the Chemistry Department, Baylor Scott & White Health. Intrahepatic bile duct mass (IBDM) in liver sections (4-5 lm thick, 10 different fields analyzed from three different samples from four different animals) was measured as the area occupied by cytokeratin-19-positive bile ducts/(total area-3 100). Sections were examined by Image ProAnalyzer software (Olympus, Tokyo, Japan). Immunoreactivity for cytokeratin-19 was also assayed by immunofluorescence in frozen liver sections (6-8 lm thick) from WT, NK-1R -/-, BDL WT, and BDL NK-1R
-/-mice. Fibrosis in liver sections (4-5 lm thick) was assessed by sirius red staining (10 different fields were analyzed from three different samples from three different animals). Immunoreactivity for a-SMA was evaluated by (1) immunofluorescence in frozen liver sections (6-8 lm thick) and (2) immunochemistry in paraffin-embedded liver sections (4-5 lm thick); images were obtained using Leica AF 6000 Modular Systems and a Leica scanner. We evaluated the expression of a-SMA, fibronectin-1, and Col1a1 in total liver by real-time PCR and/or immunoblots (20) and measured transforming growth factor-b1 (TGF-b1)
FIG. 1. (A) There was increased TAC1 and NK-1R mRNA expression in total liver from BDL WT and Mdr2
-/-mice compared to respective control mice (n 5 3). (B) There was enhanced mRNA expression of TAC1 and NK-1R in total liver samples from latestage PSC patients compared to controls (n 5 3). (C) SP serum levels were higher in BDL WT and Mdr2 -/-mice compared to control mice but decreased in BDL NK-1R -/-mice and Mdr2 -/-mice treated with L-733,060 compared to BDL WT and Mdr2
-/-mice, respectively (n 5 6). There was increased SP serum levels in PSC patients compared to healthy controls. SP serum levels were higher in late-stage PSC patients than in early-stage PSC patients (n 5 3). *P < 0.05 versus normal WT or healthy control samples, # P < 0.05 versus BDL WT or Mdr2 -/-mice, & P < 0.05 versus early-stage PSC samples. levels in serum and cholangiocyte supernatant by enzyme-linked immunosorbent assay and TGF-b1 gene expression in cholangiocytes and HSCs from the selected groups of mice.
MEASUREMENT OF CELLULAR SENESCENCE
Senescence was measured in frozen liver sections (10 lm thick) by staining for senescence-associated bgalactosidase using a commercially available kit (MilliporeSigma, Billerica, MA). All experiments were performed in three different liver samples from three different animals. Senescence was also evaluated by immunofluorescence for chemokine (C-C motif) ligand 2 (CCL2; also known as monocyte chemoattractant protein-1) in frozen liver sections (6-8 lm thick). CCL2, one of the key inflammatory chemokines that regulate migration and infiltration of monocytes/macrophages, was selected as a senescence marker because it is induced by and promotes cellular senescence during liver injury. (23) Following staining, images were obtained using Leica AF 6000 Modular Systems. We also evaluated the expression of senescence markers: (1) p16 and CCL2 in total liver samples and (2) p16 and p21 in isolated cholangiocytes and HSCs by real-time PCR and immunoblots. (18) To provide further evidence for the presence of senescence-associated secretory phenotypes in cholangiocytes and HSCs, we measured the expression of interleukin-6 (IL-6) and matrix metalloproteinases (MMPs) by real-time PCR in these two cell types and IL-6 levels in cholangiocyte supernatant by enzymelinked immunosorbent assay. We isolated HSCs by LCM from human liver sections from late-stage PSC samples (n 5 3) and healthy controls (n 5 3) and measured the mRNA levels of NK-1R and plasminogen activator inhibitor-1 (another senescence marker).
EFFECT OF SP AND L-733,060 ON THE EXPRESSION OF FIBROSIS AND SENESCENCE GENES IN IMCLs AND HHSteCs
We evaluated the expression of NK-1R in HHSteCs by immunofluorescence. IMCLs and 
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HHSteCs were treated with 0.2% bovine serum albumin (basal) or SP (10 -9 M) (7) for 24 hours in the absence or presence of L-733,060 (25 lM) (8) before evaluating the expression of fibrosis and senescence markers by real-time PCR. To determine the cellular relationship between SP and NK-1R, IMCLs were treated with bovine serum albumin or L-733,060 (25 lM) or transfected with NK-1R small interfering RNA (siRNA) or control siRNA at 37 8C for 24 hours before evaluating SP levels in the supernatant of these cell samples by enzyme-linked immunosorbent assay kits. Additionally, HHSteCs were treated with cholangiocyte supernatant from WT, NK-1R -/-, BDL WT, and BDL NK-1R -/-mice before evaluating (1) the expression of fibrosis and senescence genes and (2) the expression of TGF-b1 and small mothers of decapentaplegic 2 (Smad2, a downstream signaling pathway specific to TGF-b1 signaling during the progression of liver fibrosis) (20) by real-time PCR.
STATISTICAL ANALYSIS
All data are expressed as the mean 6 standard error of the mean. Differences between groups were analyzed by the Student unpaired t test when two groups were analyzed or analysis of variance when more than two groups were analyzed. A value of P < 0.05 was considered significant.
Results
ENHANCED HEPATIC mRNA EXPRESSION OF TAC1 AND NK-1R AND INCREASED SP SERUM LEVELS IN MICE WITH CHOLESTATIC LIVER INJURIES AND PSC PATIENTS
There was increased mRNA expression of TAC1 and NK-1R in total liver from BDL WT and 
Mdr2
-/-mice compared to control mice (Fig. 1A) . The hepatic mRNA expression of TAC1 and NK-1R was higher in late-stage PSC patients compared to healthy controls (Fig. 1B) . SP serum levels were higher in BDL WT and Mdr2 -/-mice compared to control mice, but these levels decreased in BDL NK-1R -/-mice compared to BDL WT mice as well as in Mdr2 -/-mice treated with L-733,060 compared to Mdr2 -/-mice (Fig. 1C) . There was not much difference in SP levels in normal NK-1R -/-and Mdr2 -/-mice treated with L-733,060 compared to the corresponding control mice (Fig.  1C) . Enhanced SP serum levels were observed in PSC patients compared to healthy controls (Fig.  1C) . SP serum levels were higher in late-stage PSC patients than in early-stage PSC patients (Fig. 1C) .
EVALUATION OF SERUM CHEMISTRY, IBDM, AND LIVER FIBROSIS IN LIVER SECTIONS AND TOTAL LIVER SAMPLES
Serum levels of alanine aminotransferase, aspartate aminotransferase, alkaline phosphatase, and total bilirubin increased in Mdr2 -/-mice compared to WT mice and significantly decreased in Mdr2 -/-mice treated with L-733,060 compared to Mdr2 -/-mice (Supporting Table S2 ). Administration of SP to WT mice significantly increased IBDM and collagen liver deposition ( Fig. 2A,B) . We have demonstrated reduced IBDM in BDL NK-1R -/-mice compared to BDL WT mice. (7) As expected, there was enhanced liver fibrosis in BDL WT compared to WT mice. Meanwhile, we observed reduced fibrosis in BDL NK- -/-mice compared to BDL WT mice (n 5 3, original magnification 3 40). (C,D) There was increased mRNA expression of p16 and CCL2 as well as p16 protein levels in total liver from BDL WT mice compared to normal WT mice but decreased expression of p16 and CCL2 in total liver from BDL NK-1R -/-mice compared to BDL WT mice (n 5 4). (E) Expression of p16 and CCL2 was also decreased in Mdr2 -/-mice treated with L-733,060 compared to Mdr2 -/-mice (n 5 3). *P < 0.05, **P < 0.01 versus normal WT or Mdr2 -/-mice; # P < 0.05 versus BDL WT mice. Abbreviations: DAPI, 4 0 ,6-diamidino-2-phenylindole; SA-b-gal, senescence-associated b-galactosidase.
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1R -/-mice compared to BDL WT mice (Fig. 2C) . In Mdr2 -/-mice treated with L-733,060, there was decreased liver fibrosis compared to Mdr2 -/-mice (Fig. 2D) . The immunoreactivity of a-SMA was lower in liver sections from BDL NK-1R -/-compared to BDL WT mice (Fig. 3A,B) . Following BDL, there was increased mRNA expression of a-SMA, Col1a1, and fibronectin-1 as well as increased a-SMA and fibronectin protein levels in total liver samples compared to WT mice (Fig. 3C) . The gene and protein expression of these fibrosis markers was reduced in (1) BDL NK-1R -/-mice compared to BDL WT mice (Fig. 3C) 
and (2) Mdr2
-/-mice treated with L-733,060 compared to Mdr2 -/-mice (Fig. 3D) . With regard to the general health of the animals receiving L-733,060, we did not observe significant changes in body weight or increased mortality in Mdr2 -/-mice treated with the NK-1R antagonist (data not shown).
MEASUREMENT OF CELLULAR SENESCENCE IN LIVER SECTIONS AND TOTAL LIVER SAMPLES
There was enhanced cellular senescence evidenced by senescence-associated b-galactosidase staining in liver sections from BDL WT mice compared to WT mice (Fig. 4A) . On the contrary, cellular senescence was reduced in BDL NK-1R -/-mice compared to BDL WT mice (Fig. 4A) . By immunofluorescence, we observed increased expression of CCL2 in BDL WT mice compared to WT mice but decreased CCL2 expression in BDL NK-1R -/-mice compared to BDL WT mice (Fig. 4B) . Through real-time PCR, we observed (1) increased expression of p16 and CCL2 in total liver from BDL WT compared to WT mice and (2) decreased expression of p16 and CCL2 in total liver from BDL NK-1R -/-mice compared to BDL WT mice (Fig. 4C) 
as well as in
Mdr2
-/-mice treated with L-733,060 compared to Mdr2 -/-mice (Fig. 4E ). p16 protein levels were decreased in BDL NK-1R -/-mice compared to BDL WT mice (Fig. 4D) .
EVALUATION OF SENESCENCE GENE EXPRESSION IN CHOLANGIOCYTES AND HSCs
To evaluate the mechanisms by which SP contributes to liver fibrosis during cholestatic liver injury, we measured the expression of cellular senescence markers in isolated cholangiocytes and HSCs. We observed that the profibrogenic effects of SP were associated with enhanced senescence of cholangiocytes but decreased senescence of HSCs (Figs. 5A,B and 6A,B) . Similarly, expression of p21 and p16 was increased in cholangiocytes but reduced in HSCs from BDL WT mice and Mdr2 -/-mice compared to control mice; these changes were partially reversed in BDL NK-1R -/-mice and Mdr2 -/-mice treated with L-733,060 as evidenced by decreased cellular senescence in cholangiocytes and increased senescence in HSCs (Figs. 5C-F and 6C-E). There was also reduced expression of IL-6, MMP2, MMP3, and MMP9 in cholangiocytes but increased expression of IL-6 and MMP2 in HSCs from BDL NK-1R -/-mice compared to BDL WT mice (Supporting Fig. S1A-C) . There was enhanced expression of NK-1R but decreased expression of plasminogen activator inhibitor-1 (another senescence marker) in LCM-isolated HSCs from latestage PSC patients compared to control samples, further supporting the concept that HSCs become more activated and less senescent in PSC (Supporting Fig. S1D ).
EFFECT OF SP AND L-733,060 ON THE EXPRESSION OF FIBROSIS AND SENESCENCE GENES IN IMCLs AND HHSteCs
We have demonstrated that IMCLs express NK-1R (7) ; in the current study we showed by immunofluorescence that HHSteCs express NK-1R (Fig. 7A) . We also demonstrated that SP (10 29 M for 24 hours) increased the expression of selected fibrosis genes in both IMCLs and HHSteCs, which was prevented by L-733,060 (Fig. 7B) . The profibrogenic effects of SP on IMCLs and HHSteCs were associated with increased senescence of IMCLs but reduced senescence of HHSteCs; the effects were prevented by incubation with L-733,060 (Fig. 7C) . No significant changes in SP levels were observed in the supernatants from IMCLs treated with L-733,060 or NK-1R 
(E) Protein expression of p16 and p21 was decreased in HSCs from
Mdr2
-/-mice compared to WT mice, and p16 protein levels were partly reversed in Mdr2 -/-mice treated with L-733,060. *P < 0.05, **P < 0.01 versus normal WT mice, # P < 0.05 versus BDL WT or Mdr2 -/-mice. Abbreviation: NS, nonsignificant.
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siRNA compared to basal or IMCLs treated with control siRNA (Supporting Fig. S2A ).
MEASUREMENT OF TGF-b1 LEVELS IN SERUM AND CHOLANGIOCYTE SUPERNA-TANT AND EVALUATION OF THE EFFECT OF CHOLANGIOCYTE SUPERNATANT ON FIBROSIS AND SENESCENCE GENE EXPRESSION IN HHSteCs
In addition, we explored if TGF-b1 is involved in the effects of the SP/NK-1R axis on liver fibrosis. We observed increased TGF-b1 levels in serum and cholangiocyte supernatant as well as increased mRNA expression of TGF-b1 in HSCs and cholangiocytes from BDL WT mice compared to WT mice but decreases in BDL NK-1R -/-mice compared to BDL WT mice (Fig. 8A-C) . When HHSteCs were treated with cholangiocyte supernatant from selected mice, there was reduced expression of p16, p21 (Fig. 8D) , and CCL2 (Supporting Fig. S2C ) but increased expression of fibrosis genes (Fig. 8F) , TGF-b1, Smad2 (Fig. 8E ) and Ki67 (Supporting Fig. S2C ) in BDL WT mice compared to normal mice. However, there were contrary changes in expression of the above genes in HHSteCs treated with cholangiocyte supernatant from BDL NK-1R -/-mice compared to BDL WT mice. These findings suggest that SP/NK-1R modulation of liver fibrosis may be partly due to enhanced TGF-b1 expression.
Discussion
Liver fibrosis occurs in many chronic liver diseases including hepatitis B and C, alcoholic liver diseases, and cholestasis. (24) Progressive liver fibrosis may result in cirrhosis, hepatic failure, and ultimately death. Although the pathogenesis of liver fibrosis is not completely elucidated, activation of HSCs is recognized as a key step in its progress. In this study, we examined the mechanisms by which the SP/NK-1R axis contributes to the development of liver fibrosis during cholestatic liver injury. We provide evidence that HSCs express NK-1R and that the expression of TAC1 and NK-1R is increased in the livers of BDL and Mdr2
-/-mice compared to control mice. Expression of TAC1 and NK-1R is also higher in late-stage human PSC liver samples compared to healthy controls. We also demonstrated that (1) administration of SP to WT mice increased liver fibrosis, (2) there was decreased liver fibrosis and enhanced cellular senescence of HSCs after knockout of NK-1R in BDL mice, and (3) administration of L-733,060 reduced liver fibrosis and increased cellular senescence of HSCs in Mdr2 -/-mice. In vitro, L-733,060 decreased SP-induced fibrogenic gene expression and differentially regulated senescence in IMCLs and HHSteCs. We propose that the SP/NK-1R axis contributes to liver fibrosis by differentially regulating cellular senescence of cholangiocytes and HSCs during cholestatic liver injury.
SP, a neuropeptide released from central and peripheral nerves, potentially has fibroblast and keratinocyte proliferating activity (25) in addition to the wellrecognized histamine-releasing activity. Other studies have also shown that SP augments fibrogenic cytokineinduced fibroblast proliferation and modulates colitisassociated intestinal fibrosis. (26) Therefore, considering that our results are consistent with these previous studies, it is likely that SP plays an important role in many kinds of tissue fibrosis. Other studies have shown that SP, through NK-1R, contributes to the progression of myelofibrosis. (27) In addition, NK-1R antagonists have been shown to protect mice from cytokine-mediated liver injury and reduce hepatocyte apoptosis. (8, 28) In support of these previous findings, our results introduce the novel concept that NK-1R antagonists decrease liver fibrosis in Mdr2 -/-mice, reducing biliary damage and increasing the senescence of HSCs.
With regard to the mechanisms underlying the effects of the SP/NK-1R axis on liver fibrosis, we observed increased senescence of cholangiocytes and decreased senescence of HSCs, which could explain how activation of the SP/NK-1R axis contributes to the development of liver fibrosis during cholestasis. Cellular senescence is a programmed reaction that occurs in response to cellular stresses such as telomere erosion, chromatin disruption, DNA damage, oxidative stress, and oncogene activation. (29, 30) The hallmarks of senescent cells include an essentially irreversible growth arrest; expression of p16 and bgalactosidase; the formation of senescence-associated secretory phenotypes, which means robust secretion of growth factors, cytokines, proteases, and other proteins, leading cells to a proinflammatory state; nuclear foci containing damaged DNA; and senescenceassociated heterochromatin foci. A previous study has shown that senescence of activated HSCs can limit fibrosis during CCl 4 -induced liver injury, which supports our findings. (10) Further, the antiproliferative and apoptotic agent dioscin has been shown to inhibit liver fibrosis through increasing senescence of activated HSCs, evidenced by an increased number of senescence-associated b-galactosidase HSCs as well as enhanced expression of the senescence markers p16, p21, and p53. (12) In this study, we provide evidence suggesting that decreased senescence of cholangiocytes and enhanced senescence of HSCs due to NK-1R knockout during BDL-induced cholestasis or administration of L-733,060 to Mdr2 -/-mice may explain why blocking of NK-1R decreases liver fibrosis. We found a concomitant increase in IBDM (index of biliary proliferation) and liver fibrosis as well as cellular senescence of cholangiocytes in WT mice treated with SP. In addition to an SP-dependent mechanism, this discrepancy may be explained in terms of the heterogeneity of the biliary epithelium (31, 32) as the SP/NK1R axis may target different subsets of cholangiocytes that may respond differentially to SP with simultaneous increases in biliary proliferation and cellular senescence in specific subsets of different-sized cholangiocytes. However, other studies are required in order to further confirm this speculation. Similarly, the increase in biliary senescence, observed in the BDL mouse model that is characterized by the proliferation of large (but not small) cholangiocytes, (31, 32) is likely related to the heterogeneous proliferative, apoptotic, and senescent responses of the biliary epithelium to liver injury. (31) (32) (33) This point is also supported by our study showing that alpha-naphthylisothiocyanate feeding induces simultaneous proliferation and apoptosis of both small and large cholangiocytes. (33) Due to the fact that the proliferative and senescent responses of cholangiocytes are dynamic processes with smaller cholangiocytes differentiating into large cholangiocytes during the damage of the latter cells, we speculate that there is a subset of large cholangiocytes (within the large cholangiocyte compartment) that do not proliferate and undergo cellular senescence. Our speculation related to the differential proliferative and senescent capacities of large cholangiocytes is supported by our recent findings (Glaser and Alpini, unpublished observations, 2016) showing that in Mdr2 -/-mice there is both enhanced proliferation and senescence in specific subsets of large cholangiocytes. This concept is also supported by previous studies in PSC patients showing concomitant biliary proliferation (although lowered) as well as cellular senescence. (13) However, this is conjectural and requires additional studies to better isolate and characterize these different subsets of large cholangiocytes.
In the in vitro experiments, L-733,060 prevented SP-induced activation of HHSteCs and increased cellular senescence of HHSteCs. Thus, by triggering cellular senescence in HHSteCs, inhibition of SP/ NK-1R signal blocks the proliferation of these ECMproducing cells and converts them into ECMdegrading cells, thereby contributing to fibrosis regression. Interestingly, our findings demonstrate that cellular senescence in total liver is decreased due to knockout of NK-1R during BDL or inhibition of NK-1R by L-733,060 in Mdr2 -/-mice, while there is increased cellular senescence simultaneously in HSCs. We also speculate that inhibition of the SP/NK-1R axis decreases the damage/senescence of other liver cells such as hepatocytes that may contribute to decreased activation of HSCs. However, this speculation needs to be confirmed by further studies.
Increased biliary proliferation has been suggested to trigger liver fibrosis in various chronic liver diseases. (20, 34) Cholangiocytes can also express a number of profibrogenic and chemotactic proteins, attracting both inflammatory cells and HSCs. (35) A recent study has demonstrated cholangiocyte senescence and senescence-associated secretory phenotypes as an important pathogenic mechanism in PSC. (36) On the basis of these previous studies, we propose that decreased cholangiocyte senescence and enhanced HSC senescence after blocking or inhibition of NK-1R both contribute to the reduction of liver fibrosis during cholestasis. In our study, we also observed that cholangiocyte supernatant from BDL NK-1R -/-mice decreased the proliferation and increased the senescence of HSCs compared to HSCs treated with cholangiocyte supernatant from BDL WT mice, which suggests that decreased chemotactic factors secreted by cholangiocytes, due to knockout of NK-1R, reduced the activation and enhanced the senescence of HSCs during cholestasis.
In conclusion, SP may be an important regulator of liver fibrosis and cellular senescence during the progression of cholestatic disorders. Cholestatic liver damage increases the expression of SP and activates the SP/NK-1R axis, leading to activation of HSCs and liver fibrosis. Knockout or blocking of NK-1R reverses liver fibrosis following cholestatic liver injury through reduced senescence of cholangiocytes and increased senescence of HSCs. Further studies are needed to pinpoint the molecular mechanisms by which the SP/ NK-1R axis regulates the crosstalk between cholangiocytes and HSCs leading to differential changes in biliary and HSC senescence and ultimately to liver fibrosis. Because commercially available NK-1R antagonists (e.g., fosaprepitant) have been used to treat nausea and vomiting in humans, (37) it is important to develop clinical studies to determine whether NK-1R antagonists prevent the progression of liver fibrosis in human cholestatic liver diseases.
